Background: One of the most important factors in stereotactic radiosurgery (SRS) for intracranial arteriovenous malformation (AVM) is to determine accurate target delineation of the nidus. However, since intracranial AVMs are complicated in structure, it is often difficult to clearly determine the target delineation. Purpose: To investigate the usefulness of principal component analysis (PCA) on intra-arterial contrast enhanced dynamic CT (IADCT) images as a tool for delineating accurate target volumes for stereotactic radiosurgery of AVMs. Materials and Methods: IADCT and intravenous contrast-enhanced CT (IVCT) were used to examine 4 randomly selected cases of AVM. PCA images were generated from the IADCT data. The first component images were considered feeding artery predominant, the second component images were considered draining vein predominant, and the third component images were considered background. Target delineations were first carried out from IVCT, and then again while referring to the first and second components of the PCA images. Dose calculation simulations for radiosurgical treatment plans with IVCT and PCA images were performed. Dose volume histograms of the vein areas as well as the target volumes were compared. Results: In all cases, the calculated target volumes based on IVCT images were larger than those based on PCA images, and the irradiation doses for the vein areas were reduced. Conclusion : In this study, we simulated radiosurgical treatment planning for intracranial AVM based on PCA images. By using PCA images, the irradiation doses for the vein areas were substantially reduced. (Keio J Med 58 (1) : 41
Introduction
An intracranial arteriovenous malformation (AVM) is a native deformed vessel in which the artery and vein directly connect without capillary vessels. The walls of this abnormal nidus often break due to the high hydrodynamic pressure of the arterio-venous shunt. This leads to spasms and hemorrhage, and cerebral AVM is a condition that is considered to be fatal with sudden onset. There have been many studies on the nature of AVMs, and Pellettieri et al. hypothesized that the increase in size and debatable size-dependent risk of AVM hemorrhage could be attributed to an anatomical entity. 1 Recently, stereotactic radiosurgery (SRS) has been useful as a treatment method for small AVMs when ordinary surgical methods are too difficult to apply due to the location of the lesion or the patient's status. With SRS, the probability of a cure will increase and the risk of radiation injury will diminish if the target of the beam concentration corresponds to the AVM nidus with minimal irradiation of the surrounding normal tissue. 2, 3 In particular, irradiation of draining veins may cause them to collapse before the nidus has been obliterated, leading to higher blood pressure on the nidus wall and eventually resulting in accidental hemorrhage. 4, 5 Therefore, in order to minimize such complications, draining veins should be kept outside the irradiation area. To date, target delineation for AVM has been based on magnetic resonance imaging (MRI) and intravenous contrast-enhanced computed tomography (IVCT) images with reference to angiograms. As for three-dimensional (3D) reconstruction of the brain's blood vessels, various methods have been proposed. Yeung et al. developed a technique for reconstructing the AVM from multi-directional stereotactic angiograms. 6 This technique is precise, with sub-millimeter accuracy, and is useful for radiosurgical treatment planning. Tanaka et al. demonstrated the value of helical CT and CT angiography in evaluating the target for therapeutic planning of cerebral AVM, and compared this with time-of-flight MR angiography and digital subtraction angiography. 7 In addition, Stancanello et al. reported a method for registration of CT and 3D angiography for AVM radiosurgery. 8 Generally, in intracranial AVM feeding arteries, the nidi and draining veins are complicated in their structure, making it very difficult to accurately determine target delineation with conventional methods for radiosurgical treatment planning. Our method used a sequence of dynamic CT images obtained by intra-arterial infusion of contrast medium. To identify the nature of the contrastenhanced vessels, we used information on blood flow conditions (inflow and outflow) in these structures. That is, the acquired images were analyzed using the principal component analysis (PCA) method. 9 PCA is a wellknown technique in the nuclear medicine field for image reconstruction.
1 0-1 2 Knuttsson et al. applied PCA for whole cerebral blood flow quantification, 1 3 and Eida et al. reported on MR factor analysis for two-dimensional MR dynamic images of benign and malignant salivary gland tumors. 14 The purpose of this study was to examine the usefulness of the PCA method for delineating accurate target volumes for stereotactic radiosurgery (SRS) of AVMs. Using PCA images, we performed a simulation of SRS treatment planning. In addition, we compared dose volume histograms of the vein area as well as target volumes.
Materials and Methods
Four patients with cerebral AVMs were randomly selected from our radiosurgical database. Case 1 was a 12-year-old female with an intracranial AVM in the left parietal lobe. Case 2 was a 39-year-old male with an intracranial AVM in the left frontal lobe. Case 3 was a 54-year-old male with an intracranial AVM in the right parietal lobe. Case 4 was a 39-year-old female with an intracranial AVM in the right temporal lobe. Figure 1 shows Case 2 as a representative example using digital subtraction angiography (DSA).
All of the patients were treated by SRS and had previously been studied using intravenous contrast-enhanced helical CT (IVCT), intra-arterial contrast-enhanced dynamic CT (IADCT), and DSA. IVCT examinations were performed using a helical CT scanner (XVision; Toshiba Medical Systems Corp., Tokyo Japan), with contrast media infusion at 2 ml/sec and with a duration of 45 seconds. The slice thickness for IVCT was 2 mm, and reconstruction was performed with a 1-mm slice thickness after scanning. In this way we obtained homogenous contrast-enhanced images of the entire AVM, including the feeding arteries, nidus, and draining veins. The IADCT examinations were performed using another helical CT scanner (Advantx ACT; GE Medical Systems, Milwaukee, WI) and nonionic contrast medium. We used a half concentration (150 mgI/ml) of contrast medium for the IADCT. For each single-shot injection of 1-second duration, 1.5 ml of contrast medium was used. Scanning was continuously performed at a rate of 0.8 sec/ rotation for 10 seconds at the same table position using 120 kVp, 60-100mA, and a 3-mm slice thickness. The scan position was then moved 3 mm cranially, and the dynamic scans were repeated to encompass the nidus. Figure 1 shows a sequence of acquired IADCT images at a position near the center of the nidus in Case 2. A total of 55 images from start to end of contrast enhancement were obtained for each slice position. After the entire examination was completed, sequential images at 0.2 seconds intervals were reconstructed with an image size of 512×512 pixels, and a pixel size of 0.6×0.6 mm 2 . The IADCT images were analyzed using the PCA method and free software (Pixies Micro Edition, ver. 0.99.1; Apteryx, Issy-les-Moulineaux France). For PCA, an orthogonal analysis was first performed, and using the orthogonal analysis results, an oblique analysis was carried out, resulting in component images corresponding to the artery and nidus-predominant component, vein-predominant component, and background component. Figure 2 provides a schematic illustration of our data acquisition and preprocessing method.
Generally, an increased estimated radiation dose involving DSA, IVCT, and IADCT would be a potential drawback to our proposed method, and the risk-versusbenefit issue would need to be weighed. However, since intracranial AVM is a lethal disease, reducing the risk of hemorrhage is the most important issue. Moreover, secondary risks due to treatment dose are ultimately higher than the risk of radiation exposure from the radiological examinations.
Although our IADCT method for intracranial AVM was approved by the ethical committee of our institute, this study was performed for computational simulation purposes only, using data obtained from IADCT from each patient's clinical treatment.
Treatment Planning
For the purposes of experimentation, SRS treatment planning was carried out virtually using PCA data as well as IVCT data. Based on our standard protocol, AVMs were irradiated with a total marginal dose of 20 Gy given in 1 fraction. The gross target volume (GTV) was determined from the CT data. The clinical target volume (CTV) was considered to be identical to GTV. Margins of 1 mm were added to the CTV in order to create the planning target volume (PTV). Dose deliveries with single isocenter and 10 non-coplanar static beams were carried out. A 6-MV linear accelerator (ML15MV: Mitsubishi Electric Corp., Tokyo, Japan) was used to produce the x-ray beam. A computer-controlled MMLC module (AccuLeaf: Alayna Enterprises Corp., Paris, France) was mounted on the linac gantry-head, and 48 pairs of MMLC leaves, driven by individual motors, were set up on 2 levels with the direction of the 2 levels of leaves perpendicular to each other. The effective leaf thickness of the inner 14 pairs was 2.6 mm, while the thickness of the outer pairs was 5.3 mm at the isocenter. 
Target delineation
The GTV outline was delineated using IVCT ( Fig. 3: GTV_IV, blue line) by an individual operator who had not been involved in the study design and who had not seen the PCA images at that time. In order to be used as support information for GTV delineation, DSA and MRI images were allowed as references. Four weeks after the delineation of GTV_IV, the same operator delineated the GTV_PCA outline, referring to the first and second images from the PCA results (Fig. 3: red line) . In order to e v a l u a t e t h e d i ff e r e n c e b e t w e e n G T V _ I V a n d GTV_PCA, an experienced radiation oncologist, who had over 10 years experience with radiosurgery planning, very carefully delineated the area of 'vein' regions of interest (ROI) (Fig. 3 : sky blue and green lines) using all the available data from PCA, IVCT, DSA, and MRI, and considering the connection of the vessels in a 3D manner.
Plan generation
Two SRS plans were generated from the GTV_IV and GTV_PCA individually. Using the micro-multileaf collimator, 10 non-coplanar static beams were simulated with a prescribed dose level of 20 Gy. In generating the IV_plan and PCA_plan, we used the same beam parameters of gantry angles and couch angles as the template. The details of the beam parameters are described in Table 1. The dose distributions of the IV_plan and Table 2 Radiosurgery treatment summary of Cases 1-4. PCA_plan were caliculated by treatment planning system (Accusoft; Alayna Enterprises Corp., Paris, France). These plans were not used for actual treatment, but were merely simulations for the purposes of this study. Figure 3 shows the IVCT images with GTV_IV, GTV_PCA, 'vein' ROI delineations, and the principal component images of IADCT for Case 2. From left to right, the first-, second-, and third-component IVCT images are shown. The 'vein' ROI was basically in the regions that were included in GTV_IV but were excluded from GTV_PCA.
SRS treatment Results

Case
Results
These principal component images can be considered as follows: the first-component image shows predominantly the arterial and AVM region, the second shows predominantly the venous and AVM region, and the third shows the background activity region. In the first set of images, the feeding artery was detectable as the area that had strong intensity, and this finding was confirmed in DSA and IADCT images that observed the anatomical connection. In the second set of images, the draining vein was similarly detected. In the third set of images, bony structures and embolizing opacities were used for confirmation. Table 2 summarizes the results of the treatment plans (IV_plan and PCA_plan). GTV_IV is larger than GTV_PCA in all cases (Fig. 4) . The radiation field for the PCA_plan was smaller than that of the IV_plan. As an example, the field shape of beam number 10 in Case 2 is indicated in Figure 5 . The maximum dose average for all 4 cases for the IV_plan was 25.07 Gy, and that for the PCA_plan was 25.10 Gy. The dose distributions of the IV_plan and PCA_plan are indicated in the same axi-al, coronal, and sagittal plane (Fig. 6) .The dose-volume histograms for the target volumes and 'vein' ROI for each plan in Case 2 are shown in Figure 7 . The dosevolume histograms for 'vein' ROI are also indicated in Figure 8 . In the PCA_plan, the mean and minimum dose of 'vein' ROI appeared lower than those in the IV_plan.
Results of treatment planning and dose calculations
Discussion
Many authors have reported that the main issue in radiosurgical treatment of AVMs is definition of the target, and that the target should include the whole of the nidus. 16 On the other hand, it is important to reduce the irradiation volume in order to minimize complications af- ter radiosurgery. In particular, the draining veins should be excluded from the target volume. Conventionally, we have excluded draining veins manually from the target volume on planning CT images by referring to DSA images or MRI images. This operation is very time-consuming and complicated, even when the procedure is potentially feasible. In most cases, it is very difficult and in fact, almost impossible, to identify which points on CT images of each slice correspond to the marked draining vein on DSA images, because the structures are presented two-dimensionally.
IADCT is a useful tool for separating veins from the nidus. However, as an example, in the left image of Figure 3 , we can identify the shape of the vessels on the whole, but cannot distinguish each vessel component using IVCT images alone. Because an AVM is composed of native deformed vessels where the artery and vein connect directly without capillary vessels, most of the AVM is labyrinthine in structure, with the feeding arteries, nidus, and draining veins. In these cases we cannot remove the draining veins from the target volume because there are overlapping regions of the nidus and the veins. However, with our method, we found that there are some cases in which the draining vein can be excluded from the target volume. In the left image of Figure 3 , the GTV_IV (blue line) is shown as the target delineation referring only to the IVCT image. Comparing the first-component image and second-component image, we can easily identify the draining vein as part of the second-component image separated from the first-component image. As a result, we were able to delineate GTV_PCA (red line) excluding the draining veins. Graphically, the organ at risk 'vein' ROIs could be recognized as draining veins, and we confirmed the anatomical connection by referring to the DSA and IADCT images. Irradiation doses of 'vein' ROI were evidently reduced. Our method provides more accurate target delineation and reduction of wasteful operation time. Moreover, when larger AVMs are treated, this proposed method would be able to reduce the target volume dramatically, thereby allowing us to perform SRS more safely.
Since there are many types of AVMs (e.g., high flow, low flow, multiple feeders, etc.), we needed to analyze a sufficient amount of clinical data regarding the kind of cases that the PCA method could be adapted to clinically. One limitation is the substantial amount of time and work required for PCA data processing since this is currently performed virtually manually. In order to utilize this method for actual clinical treatment, it would be valuable to install the PCA method in a treatment planning workstation. In addition, in this study, a substantial amount of time was needed to acquire IADCT data because we used a dynamic study for each 3 mm interposi- tion slice with a single-row-detector. AVMs could be studied with IADCT in a very short time if 16-or 64-row multidetector CT (MDCT) was used; a practice that has become more widespread recently. The craniocaudal special resolution of MDCT-based IADCT is less than 0.6 mm. Our proposed method would be more practical using MDCT.
Conclusions
We proposed a novel method of extracting intracranial AVMs, and succeeded in accurately identifying the location of intracranial blood vessels by means of PCA. Furthermore, we were able to distinguish needless draining veins for radiosurgical targeting by using the principal component images. From these preliminary results, it was determined that there are some cases in which it is possible to make target delineation more accurate. In the simulations, we were able to reduce the target volume using PCA images. The irradiation doses of these needless draining veins were also reduced. Further studies are needed to investigate the effectiveness of this method for other types of AVMs.
